Introduction
Positrons, the antiparticles of electrons, are highly sensitive probes for detecting defects in solids. 1 The positron lifetime and the Doppler broadening of γ-rays coming from annihilation depend on the size of the vacancy clusters and their concentration. Furthermore, much attention has lately been paid to the use of positrons as a probe of the chemical composition and structure of the topmost surface utilizing delocalization at the surface. 2 On the other hand, a weakness of the positronprobe technique is its limited spatial resolution. Radioisotopes such as 22 Na are usually used as the positron source. The diameter of the source is several millimeters, and the energy distribution is white (maximum 545 keV for 22 Na). Hence, information about the bulk can be obtained by using a positron source without any modification.
For over 30 years, monoenergetic positron beams have been used in surface analysis. 2, 3 Injecting slow positrons into solids enables us to carry out depth-resolved defect analysis and sensitive analysis of the top surface, although the lateral beam size is still several millimeters. To produce monoenergetic positrons, the physical process known as moderation is utilized. Some materials such as W and Ni, have negative positron work functions. 4 After positrons are implanted into a solid target, they thermalize within 1 ps. Some of them diffuse back to the surface and are reemitted from the surface with energy equal to the absolute value of the work function. The preferred emission direction is normal to the surface, 5 and the energy width, related to the thermal energy of the lattice, is extremely narrow. 6 Tungsten has often been used as the target material, or moderator; the work function and the conversion efficiency (= useable monoenergetic positrons per fast positrons emitted from 22 Na source) are −3.0 eV and around 10 −4 , respectively. A W moderator in the form of a mesh, vanes, or a thin film is mounted in front of the 22 Na source, causing the spot area of monoenergetic positrons to become larger than that of the source (> several mm 2 ) , to achieve an efficiency as high as possible.
The positron microprobe provides enhanced spatial resolution and an additional application in material science. Several microprobe systems have been developed to date. Canter et al. [7] [8] [9] have produced a positron microprobe with dimensions of several micrometers with a 2-stage brightness enhancement system, described in detail later; the entire system consists of only electrostatic elements for focusing and steering. It was applied to the development of the low-energy positron diffraction technique 10 and to positron re-emission microscopy.
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A scanning positron microscope using a pulsed positron beam has been constructed by Triftshäuser et al. 12, 13 The apparatus is composed of 2 magnetic lenses, several electrostatic lenses, and a 1-stage brightness enhancement system. Nondestructive 3-dimensional defect imaging can be performed by scanning with a positron microprobe several micrometers in diameter. Greif et al. 14 have constructed a scanning positron microscope with the combination of a tiny positron needle source of 0.3 mm diameter and a commercially available scanning electron microscope without a brightness enhancement system. Because electrons and positrons differ only by the sign of their charge, the optics of a scanning electron microscope can be used without any change, although the potential of the positron source has to be opposite to that of an electron gun. In the examples mentioned above, the radioisotope 22 Na was used as the source, so the intensity was weak, and collecting data, such as γ-ray spectra,
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Production of a Positron Microprobe Using a Transmission Remoderator
Masanori FUJINAMI,* † Satoshi JINNO,* Masafumi FUKUZUMI,* Takumi KAWAGUCHI,* Koichi OGUMA,* and Takashi AKAHANE** A production method for a positron microprobe using a β + -decay radioisotope ( 22 Na) source has been investigated. When a magnetically guided positron beam was extracted from the magnetic field, the combination of an extraction coil and a magnetic lens enabled us to focus the positron beam by a factor of 10 and to achieve a high transport efficiency (71%). A 150-nm-thick Ni(100) thin film was mounted at the focal point of the magnetic lens and was used as a remoderator for brightness enhancement in a transmission geometry. The remoderated positrons were accelerated by an electrostatic lens and focused on the target by an objective magnetic lens. As a result, a 4-mm-diameter positron beam could be transformed into a microprobe of 60 μm or less with 4.2% total efficiency. The S parameter profile obtained by a singleline scan of a test specimen coincided well with the defect distribution. This technique for a positron microprobe is available to an accelerator-based high-intensity positron source and allows 3-dimensional vacancy-type defect analysis and a positron source for a transmission positron microscope. The flux density of a typical electron gun with an LaB6 cathode exceeds that of a positron beam emitted from a combination of a W moderator and a 1.1-GBq 22 Na source by a factor of 10 16 . Therefore, a high-intensity primary positron beam has been required, but at the same time the positron brightness must be maintained as much as possible for the beam to be used for a positron microprobe. There are several highintensity positron beam facilities around the world. Electron linac-based positron sources have been operated at the National Institute of Advanced Industry, Science & Technology (AIST) 15 and the High Energy Accelerator Research Organization (KEK) 16 in Japan. At a Munich research reactor (ForschungsReaktor Munchen II, FRM-II), 17 positrons are produced by pair production of high-energy prompt γ-rays from neutron capture in Cd: 113 Cd(n,γ) 114 Cd. In these facilities, slow positron intensities of 10 7 -10 8 s −1 can be obtained after moderation, which is more than 10 3 -times the intensity from a 22 Na source, although the beam diameter is greater than 10 mm. There is strong demand for the positron microprobe technique to be available at such a facility, so the aim of our work is to produce a positron microprobe that is applicable to a high-intensity positron source. All experiments in the present study were carried out using a 22 Na primary positron source as a feasibility study.
Design of a Positron Microprobe
Two kinds of problems must be solved for a positron microprobe to use a high-intensity positron source. Because much radiation exists around the target in a high-intensity positron facility such as an electron-linac or a nuclear reactor, monoenergetic positrons have to be transported to the experimental hall with a low level of background radiation. In general, due to their high transport efficiency, positrons are magnetically guided by fields of several tens of Gauss, induced by a combination of solenoid and Helmholtz coils. However, because microprobe formation requires a magnetic field-free environment for optimum performance, the transported positrons must be extracted from the magnetic field with a minimum intensity loss. Stoeffl et al. 18 have developed a magnetic grid, known as the Spider, that consists of 36 tapered fins pointing toward the center of itself. This high-permeability magnetic grid is mounted at the center of the beam axis, and the magnetic path consists of a magnetically closed loop by a return yoke and a μ-metal shield covered with the solenoid coil. As a result, the magnetic field drops to less than 0.3 G within a few millimeters of the Spider. After the positrons pass through the magnetic grid, they are guided and focused by 12 sets of electrostatic elements. The magnetic field can be effectively terminated by this method, but the beam position is difficult to adjust, and the electrostatic lens system is quite complicated and costly. Therefore, an easy and simple technique for extracting a positron beam from the magnetic field is in demand.
Another problem is the optics for the brightness enhancement system. Given the initial conditions of the source, a particle beam generally follows the Liouville theorem, which states that the volume the beam occupied in phase space is constant under the influence of a conservative force, and is quantified by the brightness (B),
where d is the beam diameter, E the positron energy, I the intensity (particles per second), and θ its angular divergence. To enhance the brightness, a remoderation is useful. If a positron beam is focused to a small spot on a target, called a "remoderator," with large angular divergence, the beam is remoderated with the absolute value of the work function of the target material and emitted in a direction normal to the surface, meaning that the angular divergence can be reduced. If the positron injection energy is as low as several keV, the yield from the reflection geometry is expected to be 20 -30%, and the brightness is enhanced. The yield is taken to be the ratio of the reemitted positrons to the injected ones. This is the concept of positron brightness enhancement as suggested by Canter and Mills. 19 To minimize the cost to the beam intensity, the choice of the remoderator material is important, and the preparation method must be studied to ensure a high-quality material and optics configuration. Due to its surface chemical stability, a single W(100) crystal is one of the most effective remoderator materials. The remoderator must be annealed at high temperature to reduce any defects and impurities that disturb positron diffusion and reduce the yield. Therefore, the reflection geometry has been extensively developed using a single-crystal block, which is more suitable for annealing at high temperature >2000 K). However, a disadvantage of the reflection geometry is that the need to separate the incoming and remoderated beams complicates the design of the optics of the remoderator unit. On the contrary, if a transmission geometry using a thin film remoderator can be used, this problem does not exist, and the entire optics design becomes simpler. A disadvantage of the transmission geometry is that it is much more difficult to prepare a defect-free single crystal thin film and keep its surface clean, although a yield of more than 20% was reported for thin films of W(100) 20 and Ni(100). 21 No one has yet succeeded to develop a brightness-enhancement system using a transmission geometry.
In this study, Ni(100) foil was used as a remoderator for the realization of a simple optics system. The chemical stability of the surface of Ni is inferior to that of W, but Ni has some advantages. Because the Ni foil formed by vacuum deposition contains impurities of carbon and oxygen, annealing in a hydrogen atmosphere is advantageous. Compared with W, Ni can be annealed at a relatively lower temperature of around 1000 K. The work function of Ni is −1.0 eV compared with −3.0 eV for W, so the energy distribution is narrower.
Furthermore, the use of a good thin film remoderator allows us to use a magnetic lens in the extraction of positrons from the magnetic field as well as a simple optics for the electrostatic elements, since the incoming positrons are on one side of the remoderator and the transmitted reemitted positrons are on the other. Generally speaking, the magnification induced by a magnetic lens is higher than that by a electrostatic lens. In the reflection mode, a large magnetic lens disturbs the electrostatic elements installed to extract the reemitted positrons, so it cannot be used.
On the basis of these considerations, we proposed a design for a positron microprobe (Fig. 1) . The entire positron beam line is housed in an ultrahigh vacuum chamber evacuated to 10 −8 Torr. Positrons with a white energy distribution emitted from a 22 Na source are injected into the W mesh used as a moderator, although this part is not displayed in the figure. The monoenergetic positrons are reemitted from the W mesh and extracted by the extraction electrode supplied with −100 V. The whole chamber containing these elements is set to high voltage and insulated by an acceleration tube. The positron beam moves along the axis of the magnetic field produced by several Helmholtz coils, which are aligned at regular intervals. The positron beam which passes through the final Helmholtz coil is injected into a magnetic field-free region. As a result, the beam diverges from the beam axis, and is then focused by a magnetic lens. The residual magnetic field should be minimized at the focal point of the magnetic lens. Therefore the magnetic lens is mounted in a region where the influence of the magnetic field induced is not present. The design features of the magnetic lens are as follows: a large entrance, a small magnetic field at the focal point, and available to an ultrahigh vacuum. Because the positron beam diameter is more than 5 mm, the diameter of the entrance was designed to be 28 mm. The relationship between the beam diameter r and the magnetic field B is given by r B = const.
To avoid any leakage of the magnetic field from the magnetic lens, the hole of the pole pieces has to be small, which may lead to an increased loss of positrons. From a simulation of the magnetic field using the POISSON code, the hole diameter required to reduce the magnetic field at the focal point to below 0.3 G was determined to be 15 mm. The size of the focused beam in the magnetic lens strongly depends on the angular divergence of the positron beam. To control the distribution of the magnetic field, and thus the angular divergence of the beam, an extraction coil identical to the transport Helmholtz coil is mounted between the final Helmholtz coil and the magnetic lens. The distribution of the magnetic field was calculated, and the positron beam trajectories were simulated by assuming that the positrons had only a momentum component parallel to the magnetic field. The distribution of the magnetic field was calculated by the POISSON code and the beam trajectories by the General Particle Tracer (GPT) code. Once the experimental geometry of the transport coil, the extraction coil, and the magnetic lens had been determined, the optimum condition of the positron beam trajectories could be easily found by changing only the current and the polarity of the extraction coil. For example, assuming that a current of 2 A was applied to the extraction coil and the magnetic field direction induced by it was opposite to that of the transport one, the magnetic field at the beam axis and the beam trajectories were calculated in our experimental geometry. The results are shown in Fig. 2 . For further optimization, it is necessary to find the experimental geometry to minimize the beam diameter at the focal point of the magnetic lens.
Positrons focused on a Ni(100) thin film remoderator mounted at the focal point of the magnetic lens were thermalized and diffused toward the back surface. The positrons reemitted normal to the surface were extracted and guided by the electrostatic lens system, which consisted of 3 kinds of electrodes: extraction, focusing, and acceleration electrodes. The angular divergence of the beam could be controlled by only the potential applied to the focusing electrode. The focusing electrode also removed non-remoderated and transmitted positrons from the beam axis. The structure of the electrostatic lens system and the beam trajectories, as simulated by the SIMION code are shown in Fig. 3 . The collimated, or focused, positron beam was deflected by a set of steering coils and entered the objective magnetic lens contained in the final vacuum chamber, which focused the beam to a spot of several tens of micrometers in size.
The potentials in this microprobe system were as follows. The 22 Na source and the primary moderator portions were set to +15 kV, so positrons with an energy of 15 keV were magnetically guided and transported by a 60-G field. Since the potential to the remoderator was set to Vrem kV, positrons with energies of (15 − Vrem) keV were focused and injected into it. The value of Vrem could be determined by the yield of the remoderator. Positrons reemitted from the remoderator were accelerated by the electrostatic lens system to (15 − Vrem) keV and focused by the objective magnetic lens onto the sample, which was at ground potential.
Results and Discussion
Extraction of positrons from the magnetic field
The magnetically guided positrons were extracted from the magnetic field for the formation of a microprobe. To measure the positron beam profile, a microchannel plate (MCP) was placed at the focal point of the magnetic lens, and its surface electrode was set to 5 kV. The current and the polarity at the extraction coil were varied, and then the beam profile was optimized by changing the current of the magnetic lens. Simultaneously, the beam intensity was estimated by the pulse counting mode in the MCP. The beam diameter and the beam density obtained in our experimental geometry are summarized in Fig. 4 . Positive polarity of the extraction coil current indicates that the direction of the magnetic field induced by it is opposite to that of the transport magnetic field.
When the magnetic field at the extraction coil was applied in the same direction as the transport field, the beam intensity became high, but the beam became difficult to focus. As a result, the beam density was not very high. The higher was the opposing magnetic field, the smaller was the achieved beam size: the minimum beam diameter and the maximum density were obtained with 2 A in the extraction coil, although the optimum condition strongly depended on the experimental geometry. The focused beam profile measured by the MCP is shown in Fig. 5 , together with the initial beam profile. The initial positron beam with φ4 mm in the full width at half maximum (FWHM) was reduced by more than a factor of 10 to φ350 μm in FWHM, and the transport efficiency was estimated to be 71%.
Ni(100) thin film remoderator
The 150-nm-thick Ni(100) thin film was supplied by J. Chevallier at the University of Aarhus, Denmark. 22 It was grown by evaporation onto a γ-irradiated NaCl crystal substrate. The Ni film was removed from the substrate in water and placed on a Ni frame with a 3-mm hole in the center. The Ni foil was annealed at 1023 K for 50 min in a hydrogen atmosphere and slowly cooled to room temperature in order to remove any defects and impurities such as carbon and oxygen. In this experiment, atomic hydrogen bombardment was not used to clean the surface. To obtain a high remoderation yield, most of the injected positrons must stop within a depth of 150 nm in Ni so that most of the positrons can diffuse toward the back side within their lifetime, around 110 ps. The diffusion length of positrons in Ni is estimated to be around 100 nm. The positron stopping profile P(z) can be described by a Makhovian distribution, where m = 2, and z0, a function of the incident positron energy, is given by
where z is the mean implantation depth. With m/2 and Γ(3/2) = π 0.5 /2, the distribution shows a Gaussian derivative profile. The mean implantation depth can be assumed to be a power law,
where ρ is the target density in g/cm 3 , E is in keV, and z is in nm. An n value of 1.6 has been found to be acceptable for most materials. The positron implantation profiles in Ni at 4, 5, 6, and 7 keV were calculated using Eq. (3) (Fig. 6 ). An injection of positrons with energies of 5 to 6 keV is expected to result in the best remoderation yield. The injection energy could be varied by changing Vrem. The flux of the reemitted positrons from the remoderator was measured by the MCP through the electrostatic lens system; the pulse counting dependence on the positron injection energy is shown in Fig. 7 . Transmitted and unremoderated positrons could not be transported to the MCP because they were rejected by the electrostatic lens system, so their contribution could be ignored. As expected, an injection at 5.5 keV gave the maximum yield, which we evaluated to be 6.5%. We concluded that this yield was relatively high. Better preparation of the Ni(100) film is expected to improve the remoderation yield. For example, the atomic hydrogen bombardment technique has been proposed to remove the oxide layer and contaminants at the surface; our group has obtained a remoderation yield of more than 20% with the resulting film.
23
Focusing after the remoderation
After the injection of 5.5-keV positrons into the remoderator, a 9.5-keV positron beam was reemitted from the remoderator. It passed through the electrostatic lenses system and set of 4 steering coils, and then entered the objective magnetic lens. Potentials were applied to the electrostatic lens system to form a collimated beam. A loss of the positron beam following remoderation was barely observed, and a 4.2% efficiency of the final beam intensity to the initial beam one could be achieved. The focused beam size was measured by the knife-edge method by using the edge of a 25-μm-thick W ribbon mounted on the surface of the MCP. The intensity variations of the transmitted positrons in single-line scans of the W ribbon are shown in Fig.  8 . The beam diameter could be evaluated by its differential intensity distribution. The FWHMs of the focused beams at 0, 1, and 2 A of the extraction coil current were estimated to be 125, 72, and 60 μm, respectively. The beam size is limited by the current of the extraction coil, which is responsible for the beam size on the remoderator. When the beam size on the remoderator was minimized, the minimized FWHM of the focused beam could be obtained, and a final spot size of 60 μm was measured. From these results, we concluded that the experimental parameters of the extraction coil are highly responsible for the beam performance.
A single-line scan was carried out for a defect analysis using this positron microprobe on a test specimen. The test sample was a 1-μm-thick layer of SiO2 on Si. The SiO2 layer was irradiated by 3 × 10 15 N2 + ions/cm 2 at 150 keV through the grid (2.0 mm spacing, 0.5 mm bars). The portion shielded by the 0.5-mm-wide grid was not irradiated.
Focused 9.5-keV positrons were implanted into the sample, and a Ge detector measured the annihilation γ-rays. The S parameter, defined as the ratio of the central area to the total area of the photo peak, was calculated from the γ-ray spectrum, in which 24000 counts were accumulated in 1 h. In amorphous SiO2, 80% of the positrons are transformed into positronium (Ps), resulting in a large S parameter. Ion implantation into SiO2 leads to a low S parameter due to suppression of Ps formation. 24 The S parameter profile along the grid pattern in a line scan is shown in Fig. 9 . The obtained S parameter profile coincided well with the grid pattern, although the scatter of the data was large due to a low total count. The S difference between the irradiated and the non-irradiated areas was only around 2%, since the positron implantation energy was too large for the thickness of the SiO2 film.
Further efforts will concentrate on improving the beam intensity and reducing the diameter of the positron beam. At more than 150 mm, the distance from the sample to the Ge detector was too large.
Optimization of the detection configuration must increase the count rate by a factor of 10. The yield of the remoderator can be improved by treating it with atomic hydrogen bombardment. With these improvements, the count rate should be expected to increase by a factor of 30. Moreover, the present spot size of 60 μm has not been optimized; it can also be improved to a single-digit-mm diameter using a high-performance objective lens and by changing the injection conditions in the electrostatic lens system. Practical use would be the ability to measure the S parameter profile by scanning with a positron beam of <10 μm diameter, which would permit 3-dimensional open-volume type defect mapping in solids. The spatial resolution of γ-ray measurements in positron annihilation spectroscopy is physically limited by the positron implantation profile and the diffusion length of thermalized positrons, which is about 200 nm in most materials. Therefore, since the physical resolution limit is estimated to be around 1 μm, any further reduction of the beam diameter of this size would not lead to an enhancement of the spatial resolution in this kind of experiment.
Conclusion
The most serious problem facing the development of a positron microprobe is the low flux density. Therefore, high-intensity positron beam produced using a linac, cyclotron, or nuclear reactor is required as the primary positron source. Generated monoenergetic positrons with diameter > 10 mm are magnetically transported over a long distance. For extraction from the magnetic field, a combination of extraction coil and magnetic lens is effective. The angular divergence of the beam entering the magnetic lens can be easily optimized if the current and the polarity at the extraction coil are changed, resulting in a magnification of a factor of 10 and a transport efficiency of 71%. A Ni(100) thin film 150 nm thick can be used as the remoderator of a transmission geometry resulting in a high remoderation yield of 6.5%. A 9.5-keV positron beam reemitted from the remoderator is focused onto the target through the electrostatic element system and the objective lens, and a final spot size of 60 μm can be obtained. Using the positron microprobe, the S profile was obtained in a test specimen. These achievements using a 22 Na radioisotope have proven that the proposed technique to produce a positron microprobe is available to high-intensity positron beams.
The positron microprobe system presented here was designed and built not only for fundamental research, but also for general applications to material science, i.e., scanning depth-dependent lifetime and Doppler-broadening measurements for a 3-dimensional mapping of vacancy-type defects in solids, micropositron induced Auger electron spectroscopy for a chemical analysis of the top surface, and low-energy positron diffraction for surface structure determinations. We are presently developing a positron probe microanalyzer, a transmission positron microscope, and a positron re-emission microscope. 
